Lipids of mitochondrial membranes from hepatic cells of active ground squirrels apparently go through a phase change induced at approximately 230C similar to the phase change in mitochondria of homeotherms. This change was indicated by the activity of succinate oxidase from the isolated mitochondria exhibiting a nonintersecting discontinuous Arrhenius plot. This discontinuity in the Arrhenius plot is not evident with mitochondria from the livers of hibernating squirrels, which indicates that the temperature-induced phase change in the mitochondrial membranes has been eliminated. These findings suggest that physical properties of the mitochondrial membrane change in relation to the process of hibernation.
In a study of the mechanism of chilling injury in plants, mitochondria were isolated from chilling-sensitive and chilling resistant plant tissues, and their activity was compared over a temperature range from 25 to 10C (1) . The results of this study clearly show that the membrane-associated oxidative enzymes of mitochondria from chilling-sensitive tissue exhibit a dramatic increase in activation energy as the temperature is reduced below a critical point (9-120C, depending on the plant species). As has been shown (2) , this change in activation energy is related to a temperature-induced phase change in the mitochondrial membranes. Mitochondria from homeothermic and poikilothermic animals were also investigated. We found that membrane-bound oxidative enzymes of mitochondria from rat liver exhibit an increase in activation energy and an apparent phase change at about 230C, whereas no change was observed in the activation energy of mitechondrial enzymes from fish liver over the entire temperature range from 30 to 10C (3) . Additional studies indicate that the increase in activation energy of the membrane-associated oxidative enzymes is due to a configurational change in the enzyme proteins induced by a phase change in the membrane lipids (4) . Thus, the ability of poikilothermic animals to maintain physiological functions at temperatures near freezing is related to the physical properties of the mitochondrial membranes (3).
The clear relationship between those plants and animals subject to injury or death below a critical temperature (9-12°C for chilling-sensitive plants, and 22-24oC for homeothermic animals), and an apparent phase change in the mite-t Present address: Department of Vegetable Crops, University of California, Davis, Calif. 95616 chondrial membranes at the particular critical temperature, stimulated our interest in examining, in a similar manner, the mitochondria from a mammal capable of hibernating. Such a mammal possesses characteristics of homeotherms (i.e., regulation of body temperature at about 370C) when in the active state, but during hibernation possesses characteristics of poikilotherms (i.e., body temperature can be reduced to near 000). The results presented here show that, while the ground squirrel is in the active state, the oxidative enzymes of the liver mitochondria exhibit an apparent phase change at about 23CC and an increase in activation energy at temperatures below this. Homeothermic animals exhibit a constant activation energy during hibernation. This is a characteristic of poikilothermic animals, which suggests that before or during hibernation, the squirrel is able to alter the physical properties of the mitochondrial membranes such that the temperatureinduced phase change observed at about 230C in the active state is eliminated during hibernation.
MATERIALS AND METHODS
Golden-mantled ground squirrels, Citellus lateralis, were trapped in the wild and maintained in the laboratory under controlled conditions by Dr. E. T. Pengelley in the Department of Life Sciences, University of California, Riverside. The active animals were maintained at about 23°C. Hibernating squirrels were maintained at 40C. When livers were removed, the rectal temperature of the active animals was 360C and that of the hibernating ones was 40C. The active squirrels had been out of hibernation at least 3 weeks before the experiments. Two hibernating squirrels were used. Squirrel "A" had been in hibernation since March 29, 1970 and, since the last rhythmic arousal (5), in continuous hibernation for 4 days before removal of the liver on April 30, 1970. Squirrel "B" had been in hibernation since October 13, 1969 and, since the last rhythmic arousal, in continuous hibernation for 2 days before removal of the liver on May 25, 1970. The squirrels were decapitated, and the livers were removed and placed in an ice-cold solution consisting of 0.25 M sucrose, 24 mM Tris HCl (pH 7.6), 0.1 mM EDTA, and 0.5 mg/ml of bovine serum albumin. The mitochondria were isolated as described elsewhere (3) , suspended in the sucrose medium described above (25-30 mg of protein/ml), and stored in ice. Succinate oxidase activity was determined polarographically at four temperatures simultaneously, as already described (3) . The state 3 (substrate, oxygen, and ADP present) and state 4 (substrate, oxygen, and ADP limiting) (6) rates of oxidation at each of the temperatures shown in Fig. 1 The effect of temperature on the rate of succinate oxidation by liver mitochondria from both a hibernating and an active squirrel is shown in Fig. 1 . The data are presented as an Arrhenius plot of the logarithm of the rate of oxidation against the reciprocal of the absolute temperature. Mitochondria from both squirrels exhibited a respiratory control ratio (state 3 rate divided by the state 4 rate) (6) of about 2 and showed little or no endogenous oxidation.
Since it has been shown that the rate of respiration of isolated mitochondria is influenced by a number of factors that can vary with each preparation of mitochondria (7) , no attempt has been made in this study to compare the absolute rates of oxidation of the hibernating and active animals.
Comparison of the function of mitochondria from hibernating and active squirrels is thus restricted to the effect of temperature on the rates of oxidation and phosphorylation relative to the rates at 360C, rather than on the magnitude of the absolute rates.
The Arrhenius plot of the activity of the mitochondria from active squirrels (Fig. 1) shows the characteristic features of similar plots of mitochondria from homeothermic animals (3) and chilling-sensitive plants (1) (an abrupt increase in the activation energy, 9.1-16.7 kcal/mol, as the temperature is decreased). The discontinuity in the Arrhenius plot occurs between 25 and 21'C; a similar range was noted previously for the discontinuity of several membrane-bound mitochondrial enzyme systems of homeothermic animals (3). In contrast, the succinate oxidase system of the mitochondria of hibernating squirrels shows a straight-line Arrhenius plot (i.e., constant activation energy of 13.8 kcal/mol over the entire temperature range) similar to the membrane-bound enzyme systems of poikilothermic animals (3) and chillingresistant plants (1) . It is also apparent from Fig. 1 that temperature has only a small effect on the phosphorylation efficiency of the isolated mitochondria from both the hibernating and the active squirrels, as shown by the relationship between the state-3 and state-4 rates of oxidation at the various temperatures. No significant difference was found in the ADP: 0 ratio for hibernating and active animals over the entire temperature range.
The discontinuity in the Arrhenius plots of membranebound oxidative enzymes of homeothermic animals (3) and chilling-sensitive plants (1) can be related to a configurational change in the enzyme proteins as a consequence of a phase change in the lipid component of the membrane (4) . Thus, the absence of the discontinuity in the Arrhenius plot of the oxidative enzymes of hibernating squirrels suggests that the physical properties of the mitochondrial membranes are altered as a condition for hibernation. Previous data (8) showing that a change of only 5% of unsaturated fatty acids in mixtures of palmitic and linoleic or linolenic acids alters the melting point of the mixture by as much as 15'C suggest that a small increase in the proportion of unsaturated fatty acids in the mitochondrial-membrane lipids of a hibernating squirrel could abolish the temperature-induced phase change indicated by the discontinuity in the Arrhenius plot. An alternative mechanism could be the incorporation of a "cryoprotective" agent into the mitochondrial membranes. The incorporation, for example, of only 0.33 mol percent of cholesterol has been shown to eliminate completely the temperature-dependent phase change observed in synthetic phospholipids (9) .
We also observed in these studies that the linear Arrhenius plot of the activity of the oxidative enzymes of one of the hibernating squirrels reverted to a discontinuous plot when activity of isolated mitochondria was reexamined several hours after isolation. As shown in Fig. 2 , within the first 5-30 min after isolation, the activation energy of the oxidative enzymes of mitochondria from hibernating squirrel "A" was 2094 Physiology: Raison Effect of storage time on the temperature-dependent changes in succinate oxidase activity of mitochondria isolated from squirrel "A". Mitochondria were isolated at 40C and stored in ice for the times indicated. State 3 oxidase activity was determined in the reaction medium described in Fig. 1-at 14.4 kcal/mol over the entire temperature range. When the mitochondria were stored at 0C for 4 hr, a phase change in the membranes at 230C was indicated by a distinct discontinuity in the Arrhenius plot of the activity of the oxidative enzymes, which was evident even after 2 hr. Also, below the critical temperature, an increase in activation energy was indicated. In contrast, when mitochondria from hibernating squirrel "B" were stored at 00C for as long as 24 hr, the constant activation energy was not altered appreciably from that obtained within 30 min after isolation. At present, we cannot explain the varying effects of storage after isolation on the mitochondria from the two squirrels. However, this unique reversion from a linear to a discontinuous Arrhenius plot observed with mitochondria from squirrel "A" probably reflects a continuation of events initiated in vivo. Such changes could be the oxidation of fatty acids, resulting in a decrease in the proportion of unsaturated fatty acids in the membrane lipids, or leakage of the "cryoprotective" agent, referred to above, from the mitochondria after isolation. These possibilities are suggested from the fact that a similar reversion was not observed during storage of the mitochondria from squirrel "B", nor has a reversion been observed with other isolated mitochondria that exhibit a linear Arrhenius plot (i.e., mitochondria from fish liver and chilling-resistant plant tissues; refs. 1 and 3).
Arrhenius plots of the activity of heart mitochondria from rat and from active and hibernating hamsters over a temperature range from 38 to 00C have been reported by South (10) . His data clearly show a discontinuity in the Arrhenius plots between 24 and 26°C for the mitochondria from the rat and active hamsters, although the author had excluded the data above 240C from his calculations of activation energy because of their obvious deviation from a linear plot. In contrast to our results with liver mitochondria from hibernating squirrels, a discontinuity in the Arrhenius plot of mitochondria from hibernating hamsters is apparent in the data reported by South. However, the oxidation rates reported by South The significance of the temperature-induced phase change at about 230C in the mitochondrial membranes of homeotherms (3) is its existence as a barrier that precludes further lowering of body temperature and thus does not accommodate hibernation. The data presented here show that, in contrast to other homeotherms, the squirrel can remove this barrier and, during or preceding hibernation, alter the physical properties of the mitochondrial membranes to maintain them in a liquid crystalline phase at temperatures near freezing and thus provide a requisite for hibernation metabolism similar to that of poikilothermic animals (3).
